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Wogonin, an active component derived from Scutellaria baicalensis, has shown anti-
tumor activities in several malignancies. However, the roles of wogonin in RCC cells
remain elusive. Here, we explored the effects of wogonin on RCC cells and the underlying
mechanisms. We found that wogonin showed significant cytotoxic effects against RCC
cell lines 786-O and OS-RC-2, with much lower cytotoxic effects on human normal
embryonic kidney cell line HEK-293 cells. Wogonin treatment dramatically inhibited the
proliferation, migration, and invasion of RCC cells. We further showed that by inhibiting
CDK4-RB pathway, wogonin transcriptionally down-regulated CDC6, disturbed DNA
replication, induced DNA damage and apoptosis in RCC cells. Moreover, we found that
the levels of p-RB, CDK4, and Cyclin D1 were up-regulated in sunitinib resistant 786-O,
OS-RC-2, and TK-10 cells, and inhibition of CDK4 by palbociclib or wogonin effectively
reversed the sunitinib resistance, indicating that the hyperactivation of CDK4-RB pathway
may at least partially contribute to the resistance of RCC to sunitinib. Together, our
findings demonstrate that wogonin could induce apoptosis and reverse sunitinib
resistance of RCC cells via inhibiting CDK4-RB pathway, thus suggesting a potential
therapeutic implication in the future management of RCC patients.

Keywords: wogonin, RCC, apoptosis, CDK4-RB, sunitinib
INTRODUCTION

Renal cell carcinomas (RCCs), arising from the renal epithelium, account for approximately 85% of
kidney cancers. Immunotherapy and targeted therapy are the recommended routine treatment
strategies for patients with metastatic RCC (mRCC), but the therapeutic effects are disappointing
(Ljungberg et al., 2015). Recently, several anti-angiogenic drugs especially tyrosine kinase inhibitors
in.org July 2020 | Volume 11 | Article 11521
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(TKIs), such as sunitinib and sorafenib, have been approved for
its treatment. However, the efficacy of these drugs is generally
limited by various resistance mechanisms (Buczek et al., 2014).

Wogonin, a natural flavonoid derived from Scutellaria
baicalensis Georgi, has been reported to possess anti-tumour
activities against various types of cancer (Baumann et al., 2008;
Zhao et al., 2010; Yao et al., 2014) via different ways, such as
increasing intracellular reactive oxygen species (ROS) (Qian
et al., 2014), inducing apoptosis (Hu et al., 2015), arresting cell
cycle (Lu et al., 2015) and reversing drug resistance (Kim et al.,
2016). These multiple anti-tumor effects of wogonin could be
related to the regulation of numerous cell signaling pathways,
including serine-threonine kinase Akt and AMP-activated
protein kinase (AMPK) pathways (Lee et al., 2012; Liu et al.,
2016), p53-dependent/independent apoptosis and inhibition of
telomerase activity (Huang et al., 2010b). However, whether
wogonin possesses anti-tumour activities in RCC remains unknown.

In the present study, we assessed the anti-cancer effects of
wogonin on RCC cells. We found that wogonin significantly
inhibited proliferation, migration, and invasion of RCC cells. We
further showed that by inhibiting CDK4-RB pathway, wogonin
could down-regulate CDC6 and induce DNA replication defects,
DNA damage, and apoptosis of RCC cells. Importantly, our data
indicated that hyperactivation of CDK4-RB contributed to the
resistance of RCC cells to sunitinib, and treatment with wogonin
or palbociclib effectively reversed sunitinib resistance. Thus our
findings suggest that wogonin is a promising agent in the future
management of RCC patients.
MATERIALS AND METHODS

Cell Culture and Manipulation
The human renal cancer cell line 786-O and human normal
embryonic kidney cell line HEK-29 were obtained from the
American Type Culture Collection (ATCC). OS-RC-2 cell line
and TK-10 cell line were purchased from the Type Culture
Collection of the Chinese Academy of Sciences, Shanghai, China.
The cells were maintained in RPMI 1640 medium (Gibco, Grand
Island, NY) supplemented with 10% fetal bovine serum (Hyclone,
USA) plus 100U/ml penicillin and 100mg/ml streptomycin at 37°C
in a humidified atmosphere with 5% CO2.

siRNA and plasmids transfections were performed using
Lipofectamine 2000 (Life Technologies, CA, USA) according to
the manufacturer’s instructions. siRNA targeting CDC6 and RB
(siCDC6 and siRB) and negative control siRNA were purchased
from GenePharman (Shanghai, China). Plasmid expressing HA-
tagged full-lengthhumanCDC6wasagift fromL.Drury (ClareHall
Laboratories, Cancer Research UK, London, England) (Mailand
and Diffley, 2005).

The sequence of siRNAs were listed in Supplementary Table 1.
Wogonin was purchased from Sigma-Aldrich (CAS: 632-85-9,

purity ≥ 98%).

MTT and Colony Formation Assays
MTT assays and colony formation assays were performed as
described previously (Zou et al., 2013; Mi et al., 2017).
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Wounding Healing and Transwell Assay
Wounding healing assays and transwell assays were performed as
previously described (Mi et al., 2017).

Tumor Xenografts
Ten male BALB/c nude mice (4–6 weeks of age) were randomly
divided into two groups: the control group and the wogonin
group. After a week of adjustment, about 1×106 786-O/WT cells
or 786-O/SR cells suspended in 100 ml PBS were injected
subcutaneously into each mouse. Then the mice in wogonin
group were given wogonin (40 mg/kg) intragastrically everyday
for 2 weeks. Tumor volumes were measured every two days. The
mice were then sacrificed, and the tumor weight and tumor size
were measured. Animal handling and experimental procedures
were approved by the Ethics Committee of Qilu Hospital of
Shandong University.

Cell Cycle Analysis
Cell cycle distribution was analyzed by flow cytometry as
previously described (Zou et al., 2013).

Immunofluorescence Staining
Immunofluorescence was performed as described previously
(Zou et al., 2009). The antibodies are listed in Supplementary
Table 2.

Western Blot
Preparation of total and chromatin-bound protein extracts and
Western blot analysis were performed as previously described
(Zou et al., 2009). The primary antibodies are listed in
Supplementary Table 2.

Quantitative Reverse Transcriptase-
Polymerase Chain Reaction (qRT-PCR)
Extraction of total RNA and qRT-PCR assays was performed as
previously described (Zou et al., 2013). The primer sequences are
listed in Supplementary Table 3.

TUNEL and b-Galactosidase (SA-b-Gal)
Activity Assay
Apoptotic cells were detected using one-step TUNEL Apoptosis
Assay Kit (Beyotime, Beijing, China) according to themanufacturer’s
instructions. After labeling, the slides were counterstained with DAPI
and visualized under a fluorescence microscopy.

Cell senescence was detected using the Senescence b-
Galactosidase Staining Kit (Beyotime, Beijing, China) according
to the manufacturer’s instructions. Cells stained blue were regarded
as positive.

EdU Incorporation Assay
EdU (5-ethynyl-2′-deoxyuridine) incorporation assays were
performed using the Cell-Light EdU DNA Cell Proliferation Kit
(Ribobio, Guangzhou, China) according to the manufacturer’s
instructions (Mi et al., 2017).
July 2020 | Volume 11 | Article 1152
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Alkaline Comet Assay
Alkaline comet assays were carried out using Reagent Kit for
Single Cell Gel Electrophoresis Assay (Trevigen, USA) according
to the manufacturer’s protocol. Cells suspended in PBS at 1×105

cells/ml were combined with molten LMAgarose (at 37°C) at a
ratio of 1:10 (v/v). 50 ml mixture was then immediately pipetted
onto Comet Slide™. After electrophoresis, the slides were stained
with DAPI and viewed under a fluorescence microscope.

Establishment of Sunitinib-Resistant Cell
Lines
786-O, OS-RC-2, and TK-10 cells were continuously exposed to
increasing dose of sunitinib up to a final concentration of 10 mM.
Following continuous culture supplemented with 10 µM
sunitinib for more than 10 passages, the cells were used as
sunitinib-resistant RCC cell lines (786-O/SR, OS-RC-2/SR, and
TK-10/SR) for subsequent experiments.

TCGA Data Analysis of CDC6 Expression
in RCC
The prognostic value of CDC6 expression in RCC using TCGA
data of 522 renal clear cell carcinoma patients and 284 renal
papillary cell carcinoma patient was analyzed by Oncolnc (http://
www.oncolnc.org/). Kaplan–Meier survival curves were created
in Oncolnc homepage.

Statistical Analysis
Data were obtained from three independent experiments. All
results are presented as the mean ± standard deviation (S.D.). All
statistical analyses were performed using SPSS statistical software
program (Version 13.0; SPSS Inc.). Differences between groups
were analyzed by the Student t test or one way ANOVA. P < 0.05
was regarded as statistically significant.
RESULTS

Wogonin Inhibits Proliferation, Migration,
and Invasion of RCC Cells
We first evaluated the anti-proliferative effects of wogonin on
RCC cells. MTT assays showed that wogonin significantly
reduced the growth of human RCC OS-RC-2 and 786-O cells
(Figure 1A), and the proliferative inhibitory effects of wogonin
were in a concentration-dependent manner (Figure 1B).
Consistently, colony-formation assays showed that the
wogonin treated RCC cells displayed much fewer and smaller
colonies (Figure 1C and Supplementary Figure 1A). EdU
incorporation assays were then conducted to investigate the
effects of wogonin on DNA replication of RCC cells. As shown
in Figure 1D and Supplementary Figure 1B, treatment of
wogonin significantly decreased the percentage of EdU positive
cells. However, MTT assays showed that inhibitive rate of
wogonin at 80 mM on human normal embryonic kidney cell
line HEK-293 cells was only about 20% compared with an
inhibitive rate of more than 70% on RCC cells (Supplementary
Figure 1C). Colony formation assay also showed that the effects of
Frontiers in Pharmacology | www.frontiersin.org 3
wogonin on inhibition of growth in HEK293 cells were
much less evident (Supplementary Figure 1D), suggesting that
HEK-293 cells were less sensitive to wogonin treatment than
RCC cells.

Next we tested the effects of wogonin on tumor growth in vivo
with a xenograft model. The results demonstrated that
application of wogonin significantly suppressed tumor growth
(Figure 1E and Supplementary Figure 1E). At the endpoint, the
average tumor weight were significantly reduced in the group
receiving wogonin (Figure 1F). Together, these results indicate
that wogonin significantly inhibits the growth of RCC both in
vitro and in vivo.

Previous studies reported that wogonin could inhibit migration
and invasion of various cancer cells (He et al., 2013; Zhao et al.,
2015). Wounding healing assays showed that treatment with
wogonin significantly suppressed wound closure in a
concentration-dependent manner in OS-RC-2 and 786-O cells
(Figure 1G). In addition, the number of wogonin treated cells
that migrated across transwell membrane was considerably lower
than that of the control cells (Figure 1H and Supplementary
Figure 1F). Furthermore, matrigel invasion assays also showed a
great reduction in the number of invasive cells in wogonin treated
group (Figure 1I and Supplementary Figure 1G). Together, these
results indicate that wogonin significantly attenuate the ability of
migration and invasion of RCC cells. Given the critical role of
Epithelial-Mesenchymal Transition (EMT) in cancer cell invasion,
we examined protein levels of several EMT markers by Western
blot. As shown in Figure 1J, wogonin significantly decreased the
expression of N-Cadherin and Vimentin, and increased the
expression of E-Cadherin. The expression of Snail showed no
difference after wogonin treatment (data not shown).

Wogonin Induces Apoptosis of RCC Cells
To investigate the underlying mechanisms of cell growth
inhibition caused by wogonin, OS-RC-2 and 786-O cells were
treated with wogonin for 48 h and subjected to flow cytometric
analysis. The results showed that the proportion of cells in G2/M
phase increased accompanied by a decrease in G1 fraction in
wogonin treated cells (Figure 2A and Supplementary Figure 2A).

We noticed that treatment of wogonin induced apparent
morphological changes including membrane blebbing and
reduced cell volume (Figure 2B), indicating that these cells
were committed to cell death, such as apoptosis. Thus we
measured the protein levels of cleaved caspase-3 and PARP by
western blot. The results demonstrated that treatment of
wogonin significantly increased the expression of these two
proteins (Figure 2C). Consistently, the percentages of TUNEL
positive cells were significantly increased by treatment with
wogonin (Figure 2D and Supplementary Figure 2B). SA-b-gal
activity assays were also performed, and no differences were
observed in senescence between wogonin treated and control
cells (Supplementary Figure 2C). Together, these data suggest
that wogonin treatment induces G2/M phase arrest and
apoptosis in RCC cells.

DNA damage has been shown to induce cell apoptosis
(Norbury and Zhivotovsky, 2004). So alkaline comet assays
were performed, and the results demonstrated that wogonin
July 2020 | Volume 11 | Article 1152
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treatment significantly increased the mean olive tail moment
value (Figure 2E). Expression of gH2A.X, a marker of DNA
damage, was further measured using immunofluorescence
staining and Western blot. The results showed that the levels
of gH2A.X significantly increased in the cells treated with
wogonin (Figures 2F, G). Together, these results indicate that
wogonin induces DNA damage in RCC cells.
Frontiers in Pharmacology | www.frontiersin.org 4
Wogonin Down-Regulates Expression of
CDC6 in RCC Cells
Deficiency in DNA replication licensing generates DNA damage,
activates DNA damage response and ultimately induces death of
cells (Burhans et al., 2002). Given the important roles of pre-
replication complexes (pre-RCs) in the initiation of DNA
replication, we next measured the effects of wogonin on
A B

D E

F G

IH J

C

FIGURE 1 | Wogonin inhibits proliferation migration and invasion of RCC cells. (A) MTT assays of OS-RC-2 and 786-O cells treated with or without 10 mM wogonin.
(B) OC-RC-2 and 786-O cells were treated with wogonin at different concentrations for 48 h and the cell viability was determined by MTT assays. (C) Colony
formation efficiency of OS-RC-2 and 786-O cells treated with or without wogonin. (D) EdU incorporation assays of OS-RC-2 and 786-O cells treated with or without
wogonin for 24 h. (E, F) Tumor formation by 786-O cells in nude mice. 1×106 786-O cells were injected subcutaneously into nude mice. Mice were either treated
with wogonin (40 mg/kg) or treated with saline (as control) everyday for 2 weeks. And tumor volumes were measure every 2 days (E). Then the mice were sacrificed
and the tumor weight (F) were measured. (G) Cells scraped with a pipette tip were treated with different concentrations of wogonin for indicated time and then the
distances that the cells migrated were measured (scale bar, 200 mm). (H, I) Cells were treated with different concentrations of wogonin for 24 h, and transwell assays
were performed to evaluate the ability of cell migration (H) and invasion (I) (scale bar, 50 mm). (J) 786-O cells were treated with indicated concentrations of wogonin
for 24 h and the expression of E-Cadherin, N-Cadherin, and Vimentin were measured by Western Blot. *p < 0.05; **p < 0.01.
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https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Wang et al. Wogonin Induces Apoptosis of RCC Cells
assembly of pre-RCs onto chromatin. Chromatin-bounding
assays showed that chromatin-bound pre-RC proteins
including CDC6, MCM2, MCM3. MCM4, and MCM6 were
significantly reduced in wogonin treated cells (Figure 3A).
Moreover, the decrease of chromatin-bound pre-RC proteins
was accompanied by a reduced loading of PCNA, a key factor
necessary for DNA polymerase d function (Figure 3A).
Frontiers in Pharmacology | www.frontiersin.org 5
Similarly, the total protein levels of MCM2, MCM6, and CDC6
were also decreased in wogonin treated cells (Figure 3B).

Binding of CDC6 protein to chromatin is critical for loading of
MCM proteins and therefore for initiation of DNA replication
(Cook et al., 2002). Depletion of CDC6 perturbs DNA replication
and induces apoptosis in cancer cell lines (Lau et al., 2006).Western
blot analysis showed that wogonin reduced expression of
A B

D
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F
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C

FIGURE 2 | Wogonin induces apoptosis of RCC cells. (A) OS-RC-2 and 786-O cells were treated with or without wogonin for 48 h and cell cycle distribution were
determined by flow cytometry. (B) The morphological change of OS-RC-2 and 786-O cells treated with or without wogonin for 48 h (scale bar, 50 mm). (C) OS-RC-2
and 786-O cells were treated with or without different concentrations of wogonin for 48 h and levels of cleaved caspase-3 and cleaved PARP were measured by
Western blot. (D) TUNEL assays of 786-O cells treated with or without wogonin at different concentrations for 48 h. (E) Alkaline comet assays were performed on
indicated cells treated with or without wogonin for 24 h (scale bar, 20 mm). (F, G) OS-RC-2 and 786-O cells treated with or without wogonin for 48 h and gH2A.X
levels were determined by immunofluorescence (F) and Western Blot (G). **p < 0.01.
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CDC6 in a concentration-dependent way (Figure 3C). Then we
determined whether the inhibitive effects of wogonin on RCC cells
weremediated by down-regulation of CDC6.Western Blot showed
that transfection ofCDC6 expression plasmid significantly restored
the reduced endogenousCDC6causedbywogonin (Figure 3D).As
shown in Figures 3E, F, expression of exogenous CDC6 partially
Frontiers in Pharmacology | www.frontiersin.org 6
restored chromatin-bound MCM2, MCM6, and PCNA levels and
reversed the inhibitory effect of wogonin on DNA replication. In
addition, themeanolive tailmoment values and gH2A.X levelswere
also significantly decreased by introduction of exogenous CDC6
(Figures 3G, H). Collectively, these results indicate that CDC6 is a
key target of wogonin in RCC cells.
A B
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C

FIGURE 3 | Wogonin down-regulates expression of CDC6 in RCC cells. (A, B) OS-RC-2 and 786-O cells were treated with or without wogonin at 40 mM and 20 mM
respectively for 24 h and levels of indicated chromatin bound proteins (A) and total proteins (B) were measured by Western Blot. (C) Cells were treated with different
concentrations of wogonin for 24 h and expression of total CDC6 was measured by Western blot. (D–H) 786-O cells were transfected with HA-tagged CDC6 expression
plasmid or control plasmid and then treated with wogonin at 20 mM for 24 h. Levels of total CDC6 (D) and indicated chromatin bound proteins (E) were measured by
Western Blot. DNA replication was determined by EdU incorporation assays (F), and DNA damage was evaluated by alkaline comet assays (G) or immunofluorescence
staining of gH2A.X (H). **p < 0.01.
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Down-Regulation of CDC6 Inhibits
Proliferation, Migration, and Invasion of
RCC Cells
CDC6 has been reported to be associated with the progression
and prognosis in various cancers (Chen et al., 2016; Deng et al.,
2016). To characterize the role of CDC6 in malignant properties
of RCC cells, siRNAs targeting CDC6 were transfected into OS-
Frontiers in Pharmacology | www.frontiersin.org 7
RC-2 and 786-O cells (Figure 4A). MTT and EdU incorporation
assays showed that down-regulation of CDC6 efficiently
inhibited cell proliferation and DNA replication of both OS-
RC-2 and 786-O cells (Figures 4B, C). We next determined
whether CDC6 inhibition affected cell cycle progression of RCC
cells. The results showed that knockdown of CDC6 could
increase the proportion of cells in S phase (Figure 4D and
A B
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F

G H

C

FIGURE 4 | Down-regulation of CDC6 inhibits proliferation, migration and invasion of RCC cells. (A–D) Cells were transfected with indicated siRNAs for 72 h. Levels
of CDC6 and cell viability were determined by Western Blot (A) and MTT assays (B). (C, D) Cells were transfected with indicated siRNAs for 72 h. DNA replication
and cell cycle distribution was determined by EdU incorporation assays (C) and flow cytometry (D). (E, F) 786-O cells were transfected with siRNAs for 72 h. Cell
apoptosis was then determined by Western Blot (E) and TUNEL staining (F). (G, H) 786-O cells were transfected with siRNAs for 72 h, and ability of cell migration
(G) and invasion (H) were evaluated by transwell assays. **p < 0.01.
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Supplementary Figure 3A), indicating that inhibition of CDC6
induced S phase arrest in RCC cells.

Given the important role of CDC6 in DNA replication, we
reasoned that depletion of CDC6 may induce apoptosis of RCC
cells. Western blot analysis showed that expression of cleaved
caspase-3 and cleaved PARP was significantly increased in CDC6
knockdown 786-O cells (Figure 4E). TUNEL assays also showed
that depletion of CDC6 led to an increase in the percentage of
apoptotic cells (Figure 4F).

Next, the impacts of CDC6 on migration and invasion of RCC
cells were examined by transwell assay. The number of migrating
and invading 786-O cells transfected with siCDC6 through
the filter was apparently reduced (Figures 4G, H). Together,
these results demonstrate that depletion of CDC6 inhibits
proliferation, migration, invasion, and induces apoptosis of
RCC cells.

To further explore the clinical significance of CDC6 in renal
cell carcinoma, survival data from Oncolnc database (http://
www.oncolnc.org) were used to determine the correlation
between CDC6 expression and prognosis of RCC patients. As
shown in Supplementary Figure 3B, renal clear cell patients
with higher CDC6 expression had a poor prognosis than patients
with lower CDC6 expression (P = 4.32e-07). Similarly, higher
expression of CDC6 also predicted poor prognosis in patients
with renal papillary cell carcinoma (P = 2.03e-05) (Supplementary
Figure 3C).

Wogonin Down-Regulates the
Transcription of CDC6 via Inhibiting
CDK4-RB Pathway
We next examined the effects of wogonin on protein degradation
of CDC6. As shown in Figure 5A, the level of CDC6 was mildly
upregulated after MG132 treatment in wogonin treated cells,
suggesting MG132 inhibited proteasomal-mediated degradation
of the existing CDC6 protein. However, the CDC6 protein level
was still significantly decreased compared to that of DMSO and
MG132 treated cells, indicating that downregulation of CDC6 by
wogonin is not due to proteasome-mediated degradation. Real-
time PCR analysis showed that CDC6 mRNA was significantly
decreased by wogonin in a concentration-dependent manner
(Figure 5B), suggesting that wogonin may disturb the transcription
of CDC6 in RCC cells.

It is well established that CDK4/6 combine with D-type
cyclins to phosphorylate the retinoblastoma (RB) tumor
suppressor, releasing E2F transcription factor, leading to the
transcription of genes critical for the progression of S phase,
including CDC6 (Braden et al., 2008). Thus we determined the
activation of CDK4/6 pathway through analysis of phosphorylated
RB (p-RB) protein levels. The results showed that wogonin
treatment resulted in a marked decrease in the levels of p-RB,
Cyclin D1, and CDK4 (Figure 5C). However, no parallel
reduction in total RB and CDK6 expression were observed
(Figure 5C). Similar with the changes of p-RB, mRNA levels of
CDC25A, CCNE2, and CCNA2, known as the downstream targets
of CDK4-RB, were also decreased in wogonin treated cells (Figure
5D). These data suggest that wogonin impairs CDK4 activity in
Frontiers in Pharmacology | www.frontiersin.org 8
RCC cells. In order to confirm that down-regulation of CDC6 by
wogonin is through inhibiting CDK4-RB pathway, siRNA was
used to knockdown the expression of RB. The results showed that
RNAi of RB blocked the decrease of CDC6 induced by wogonin
(Figure 5E).

To further characterize the mechanisms that wogonin inhibit
CDK4 activity, expression of CDK4 and Cyclin D1 were
determined. Consistent with the decreased protein levels of
CDK4, treatment of wogonin also significantly reduced CDK4
mRNA levels in a concentration-dependent manner (Figure 5F).
However, no corresponding change of Cyclin D1 mRNA was
observed (Figure 5G). Thus we further determined whether
wogonin may promote the degradation of Cyclin D1 protein.
As shown in Figure 5H, MG132 blocked the reduction of Cyclin
D1 induced by wogonin. Moreover, cycloheximide (CHX) was
also used to explore the effects of wogonin on the half-life of
Cyclin D1 and the results showed an obvious reduced half-life of
Cyclin D1 induced by wogonin (Figure 5I), suggesting that
wogonin accelerates proteasomal degradation of Cyclin D1.
Importantly, similar with that of wogonin, palbociclib also
significantly reduced protein levels of p-RB and CDC6 (Figure
5J) as well as mRNA levels of CDC25A, CCNE2, CCNA2, and
CDC6 (Figure 5K). Collectively, these results suggest that
wogonin down-regulates CDC6 expression through inhibition
of CDK4-RB pathway.

Wogonin Reverses Resistance to Sunitinib
in RCC Cells via Inhibition of CDK4-RB
Pathway
Sunitinib, a multi-target RTK inhibitor, has become the mainstay
of therapies for advanced RCC patients (Oudard et al., 2011). We
further determined whether wogonin could sensitize RCC cells
to sunitinib. The results showed that combined treatment of
wogonin and sunitinib demonstrated significantly stronger
inhibitive effects than sunitinib alone (Figure 6A). The
finding that wogonin suppressed CDK4 activity prompted us to
further determine the effect of palbociclib on inhibition of cell
viability induced by sunitinib in RCC cells. Similarly, palbocilib
also enhanced inhibitive efficacy of sunitinib in 786-O cells
(Figure 6B).

Despite most RCC patients could benefit from sunitinib
treatment, a number of patients demonstrated drug resistance
and disease progression after receiving sunitinib treatment for 6-
15 months. As studies have reported the important role of CDK4
signal pathway in the development of resistance to target therapy
in other malignancies (Yadav et al., 2014; Goel et al., 2016), we
next examined the roles of CDK4-RB pathway in sunitinib
resistance in RCC cells.

As shown in Figure 6C, sunitinib resistant 786-O cells (786-
O/SR) exhibited a significantly increased cell viability compared
with wildtype 786-O cells when treated with sunitinib. Western
Blot showed that levels of p-RB were reduced by sunitinib
treatment in wildtype 786-O cells (Figure 6D). In contrast,
786-O/SR cells demonstrated a significantly higher level of p-
RB and CDK4 (Figure 6D). Furthermore, an increased
expression of the mRNA levels of CDC25A, CCNE2, and
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CCNA2 were also observed in 786-O/SR cells (Figure 6E).
Similarly, significantly elevated levels of p-RB, CDK4, and
Cyclin D1 were also observed in OS-RC-2/SR and TK-10/SR
cells (Supplementary Figures 4A–D), indicating that CDK4-RB
pathway was reactivated in sunitinib resistant RCC cells.
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We further explored whether the activated CDK4-RB was
involved in sunitinib resistance. The results of MTT assays
showed that palbociclib significantly decreased cell viability of
786-O/SR cells treated with sunitinib (Figure 6F). Moreover, the
percentage of apoptotic cells was also increased by palbociclib
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FIGURE 5 | Wogonin downregulates the transcription of CDC6 via inhibiting CDK4-RB pathway. (A) 786-O cells were treated with 20 mM wogonin for 24 h and
then MG132 for 4 h. Cells were harvested and levels of CDC6 were determined by Western blot. (B) 786-O cells were treated with different concentrations of
wogonin for 24 h and mRNA levels of CDC6 were measured by qRT-PCR. (C) 786-O cells were treated with different concentrations of wogonin for 24 h and
indicated protein levels were determined by Western blot. (D) qRT-PCR assays of indicated genes in 786-O cells treated with or without 20 mM wogonin for 24 h.
(E) 786-O cells were transfected with indicated siRNA for 48 h and then 20 mM wogonin for 24 h. Levels of RB and CDC6 were determined by Western Blot. (F, G)
qRT-PCR was performed to evaluate mRNA levels of CDK4 and Cyclin D1 in 786-O cells treated with different concentrations of wogonin for 24 h. (H) 786-O cells
were treated with 20 mM wogonin for 24 h and then MG132 for 4 h. Cells were harvested and levels of CDK4, p-RB and Cyclin D1 were determined by Western
blot. (I) 786-O cells were treated with DMSO or 20 mM wogonin for 24 h and then cycloheximide (100 mg/ml) for indicated time. Cells were harvested and levels of
Cyclin D1 were determined by Western blot. (J, K) 786-O cells were treated with or without 20 mM palbociclib for 24 h, then protein levels of p-RB and CDC6 were
measured by Western blot and levels of indicated mRNAs were measured by qRT-PCR. **p < 0.01.
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treatment (Figure 6G). These results indicate that resistance of
RCC to sunitinib may be associated with activation of CDK4-RB
pathway, and inhibition of CDK4 could restore sensitivity of
sunitinib resistant RCC cells.
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As wogonin inhibits CDK4 in RCC cells, we next asked
whether wogonin could also reverse sunitinib resistance.
Western blot showed that wogonin significantly decreased the
levels of CDK4, Cyclin D1 and p-RB in 786-O/SR and OS-RC-2/
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FIGURE 6 | Wogonin overcomes resistance of RCC cells to sunitinib through inhibiting CDK4-RB pathway. (A) Cells were treated with or without 40 mM wogonin or 10
mM sunitinib (Sun) alone or both agents for 24 h, and cell viability was measured by MTT assays. (B) 786-O cells were treated with or without 20 mM pabociclib or 10 mM
sunitinib alone or both agents for 24 h, and cell viability was measured by MTT assays. (C) Wildtype (WT) or sunitinib-resistant (SR) 786-O cells were treated with different
concentrations of sunitinib for 48 h, and cell viability was measured by MTT assays. (D) Protein levels in indicated cells treated with or without sunitinib at 10 mM for 24 h
were determined by Western blot. (E) qRT-PCR assays of indicated genes in 786-O wildtype (WT) or sunitinib-resistant (SR) cells treated with or without 10 mM sunitinib
for 24 h. (F–I) Indicated cells were treated with 10 mM sunitinib alone or together with 20 mM palbociclib or 20 mM wogonin for 24 h. Cell viability and apoptosis were
determined by MTT assays (F, I) and TUNEL assays (G). Indicated protein levels were determined by western blot (H). (J, K) 1×106 786-O/SR cells were injected
subcutaneously into nude mice. Mice were either treated with wogonin (40 mg/kg) and sunitinib (20 mg/kg) or treated with sunitinib (20 mg/kg) alone (as control) everyday
for 2 weeks. Then the mice were sacrificed, and the tumor weight (J) and tumor volume (K) were measured. *p < 0.05; **p < 0.01.
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SR cells (Figure 6H and Supplementary Figure 4B). Moreover,
wogonin could also efficiently induces apoptosis and decreases
cell viability of 786-O/SR cells (Figures 6G, I).

The results of in vivo experiments demonstrated that
application of wogonin and sunitinib significantly suppressed
tumor growth after subcutaneous injecting of 786-O/SR cells
(Supplementary Figure 4E). The average tumor weight and
volume were significantly reduced in the group receiving
wogonin and sunitinib compared with sunitinib alone (Figures
6J, K). Moreover, administration of wogonin and sunitinib also
inhibited the expression of CDK4, p-RB, and Cyclin D1 in tumor
tissues (Supplementary Figure 4F).
DISCUSSION

Treatment of RCC has undergone a great change during the last
decade. Agents targeting VEGF receptors or mTOR, such as
sunitinib and everolimus, are commonly used in mRCC patients
(Jonasch et al., 2014). However, most patients ultimately
underwent cancer progression. Therefore, new drugs for RCC
treatment are highly desirable. In the present study, we
demonstrated that wogonin significantly inhibited proliferation,
migration, and invasion of RCC cells. In addition, we found that
wogonin induced DNA damage, G2/M phase arrest, and
apoptosis of RCC cells. Importantly, wogonin exhibited much
less evident anti-proliferation effects on normal human embryonic
kidney HEK-293 cells. These findings indicate that wogonin may
possess selective cytotoxic effects on RCC cells.

CDC6 is able to facilitate loading of mini-chromosome
maintenance (MCM) complex on chromatin and assemble pre-
RC at origins to initiate DNA replication (Kelly and Brown,
2000). CDC6 also inhibits microtubule organizing activity of the
centrosome (Lee et al., 2017), which functions in cell migration
(Kushner et al., 2014) and signal transduction (Watanabe et al.,
2005). Previous studies reported the important roles of CDC6 in
different malignancies, such as hepatocellular carcinoma (Xiong
et al., 2008) and prostate cancer (Wu et al., 2009). High
expression of CDC6 is associated with accelerated proliferation
and poor prognosis (Deng et al., 2016). CDC6 has also been
reported to be associated with cisplatin resistance by activation of
ATR-Chk1 pathway in bladder cancer cells (Chen et al., 2016).
Here, we found that silencing CDC6 significantly inhibited
proliferation, DNA replication, migration, and invasion of
RCC cells, resulting in a S phase arrest and cell apoptosis. Data
from Oncolnc showed that the expression of CDC6 was related
to the prognosis of RCC patients. High expression of CDC6
predicted poor survival rate of patients with renal clear cell
carcinoma and renal papillary cell carcinoma, suggesting that
CDC6 may serve as a potential target for RCC management. In
addition, we showed that expression of CDC6 was down-regulated
by wogonin treatment. More importantly, introduction of
exogenous CDC6 effectively reversed the inhibitory effects of
wogonin on DNA replication and DNA damage in RCC cells,
indicating that CDC6 is a target of wogonin in RCC cells.
However, as a natural product, wogonin may have multi-targets
Frontiers in Pharmacology | www.frontiersin.org 11
in RCC cell. Our results showed that wogonin inhibited CDK4, the
downstream of which is CDC6. Therefore, as only one of the
targets through which wogonin regulated the proliferation of RCC
cells, simply restored CDC6 would not be able to completely
reverse the inhibitory effects of wogonin in RCC cells. Similarly,
besides CDC6, wogonin has other targets, which may be involved
in G2/M phase transition. Therefore, though knockdown of CDC6
caused S phase arrest, wogonin treatment resulted in G2/M phase
arrest. Researches have reported the role of CDC6 in EMT. CDC6
could regulate the expression of E- and N-Cadherin to affect the
migration and invasion of trophoblast cells in preeclampsia (Yang
and Meng, 2020). Targeting CDC6 has also been shown to
sensitized cancer cells to ionizing radiation-induced apoptosis,
and reversed EMT (Yu et al., 2019). Consistently, our results
demonstrated that wogonin inhibited EMT of RCC cells,
suggesting that wogonin may decrease the migration and
invasion via targeting CDC6 to suppress EMT.

Increasing evidence have recognized CDC6 as a critical factor
in DNA damage response. CDC6 could physically interact with
ATR which is enhanced by CDC6 phosphorylation by CDK, and
CDC6 silencing impaired ATR-dependent replication-
checkpoint response (Yoshida et al., 2010). Targeting CDC6
together with Chk1/2 inhibitor could suppress TopBP1-ATR-
Chk1 signaling and increase phosphorylation of ATM, a
biomarker of DNA damage, synergistically increasing the
treatment efficacy in prostate cancer cells (Karanika et al.,
2017). Furthermore, ATR-mediated phosphorylation of CDC6
is also critical for the maintenance of high chromatin levels of
CDC6 protein (Liu et al., 2009). Our results showed that
wogonin induced elevation of genomic instability of RCC cell
(Figure 2E), indicating that wogonin might affect the genomic
stability of RCC cells through inhibiting CDC6 expression,
leading to inactivation of ATR-Chk1 pathway and resulting in
the DNA damage and apoptosis of RCC cells.

Our results showed that wogonin inhibited the transcription
of CDC6. In G1 phase, CDK4/6 combines with D- type cyclins to
phosphorylate RB, allowing for releasing E2F and subsequent
transcription of E2F target genes including CDC6 (Sherr, 2000).
We found that the protein levels of CDK4 as well as p-RB and
Cyclin D1 were down-regulated by wogonin in RCC cells,
suggesting that wogonin may exert anti-cancer efficacy by
suppressing CDK4 and Cyclin D1 expression. Disruption of
CDK4/6-RB pathway and an uncontrolled G1 to S transition is
a common feature of cancer cells (Hamilton and Infante,
2016). Therefore, CDK4/6 have long been regarded as
promising targets for cancer therapies. Clinical studies have
demonstrated that addition of selective CDK4/6 inhibitor
palbociclib to letrozole or fulvestrant showed an improvement
in median progression-free survival (PFS) in patients with HR-
positive advanced-stage breast cancer (Finn et al., 2015;
Cristofanilli et al., 2016). Preclinical evidence of effectiveness of
CDK4/6 inhibition also exists in other malignancies, such as
myeloma (Niesvizky et al., 2015) and melanoma (Kwong et al.,
2012). However, a report showed that palbociclib treatment
specifically stabilized activated cyclin D3-CDK4/6 complexes
that were devoid of p21 and p27, paradoxical inducing RB
July 2020 | Volume 11 | Article 1152

https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Wang et al. Wogonin Induces Apoptosis of RCC Cells
phosphorylation, DNA replication and cell cycle entry in the
absence of a mitogenic stimulation (Paternot et al., 2014). Thus
inhibiting expression of CDK4/6 proteins may be more effective
than simply suppressing its activity in treatment of cancer.
Cyclin D1 plays an important role in the development and
progression of several cancers including breast cancer and
bladder cancer (Knudsen et al., 2006; Musgrove, 2006).
Induction of Cyclin D1 degradation is regarded to be a
promising avenue for therapeutic intervention of cancer. Our
results that wogonin inhibited the transcription of CDK4 and
accelerated the protein degradation of CyclinD1 indicated that
wogonin may be a promising drug in the future treatment
of RCC.

Sunitinib, known as PDGFR and VEGFR inhibitor, could
significantly increase the PFS and overall survival (OS) in
patients with mRCC (Motzer et al., 2007). Here, we found that
combination of wogonin and sunitinib demonstrated stronger
inhibitory efficiency than sunitinib alone in OS-RC-2 and 786-O
cells. Moreover, we also showed that wogonin effectively
reversed resistance to sunitinib in RCC cells. Though a large
number of patients with mRCC could benefit from sunitinib
treatment, most of them eventually develop drug resistance. Up-
regulation of proangiogenic pathways and changes of tumor
microenvironment have been considered to be important
reasons for TKIs resistance (Joosten et al., 2015). IL-8 was
reported to be a contributor to sunitinib resistance in RCC and
may serve as a candidate therapeutic target to reverse sunitinib
resistance (Huang et al., 2010a). Moreover, inhibition of AXL
and MET activity or addition of MEK inhibitor was also reported
to abrogate the resistance to sunitinib (Diaz-Montero et al., 2016;
Zhou et al., 2016). Here, we found that levels of CDK4 and p-RB
were reduced in sunitinib treated wild-type 786-O (786-O/WT)
and OS-RC-2 (OS-RC-2/WT) cells. Interestingly, much higher
levels of CDK4 as well as Cyclin D1 and p-RB were observed in
the 786-O/SR, OS-RC-2/SR, and TK-10/SR cells, indicating the
activation of CDK4-RB pathway. More importantly, we found
that application of CDK4/6 inhibitor palbociclib effectively
restored the sensitivity of sunitinib in 786-O/SR cells. Based on
these findings, hyperactivation of CDK4-RB may confer to the
resistance to sunitinib in RCC. To our knowledge, this is the first
study to demonstrate a significant correlation between CDK4-RB
pathway activation and sunitinib resistance. A previous study
revealed that targeting CDK4/6 could overcome MAPK-
mediated resistance to B-RAF inhibitors in B-RAF V600E
melanoma (Yadav et al., 2014). Moreover, Shom Goe et al.
reported that CDK4 mediated the resistance to targeted
therapy in HER2-positive breast cancer and can be reversed by
CDK4/6 inhibitor (Goel et al., 2016). Our discovery that resistance
to sunitinib in RCC cells is associated with hyperactivation
of CDK4-RB suggests CDK4 as a potential target in future
treatment of mRCC patients who have developed resistance
to sunitinib.

In summary, this study demonstrated that wogonin could
efficiently inhibit cell proliferation, migration, invasion, and
induce apoptosis of RCC cells. Moreover, we also showed that
the cytotoxic effects of wogonin were achieved through
Frontiers in Pharmacology | www.frontiersin.org 12
suppression of CDK4-RB pathway and subsequently, down-
regulating CDC6. Furthermore, this study indicated that
hyperactivation of CDK4 was a possible mechanism of
sunitinib resistance in RCC cells, which can be reversed by
wogonin. Considering low toxicity, rapid absorption, and long
residence time after oral administration (Cai et al., 2016),
wogonin may be an attractive candidate for treatment of
RCC patients.
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FIGURE S1 | Wogonin inhibits proliferation, migration and invasion of RCC cells.
A. Colony formation efficiency of OS-RC-2 and 786-O cells treated with or without
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wogonin. B. EdU incorporation assays of OS-RC-2 and 786-O cells treated with or
without different concentrations of wogonin for 24 h (scale bar, 100 mm). C. MTT
assays of HEK-293 cells treated with different concentrations of wogonin for 48 h.
D. Colony formation efficiency of HEK-293 cells treated with or without wogonin. E.
Tumor formation by 786-O cells in nude mice. 1×106 786-O cells were injected
subcutaneously into nude mice. Mice were either treated with wogonin (40 mg/kg)
or treated with vehicle (as control) everyday for 2 weeks. F–G. Cells were treated
with different concentrations of wogonin for 24 h, and transwell assays were
performed to evaluate the ability of cell migration (F) and invasion (G) (scale bar, 50
mm).

FIGURE S2 | Wogonin induces apoptosis of RCC cells. A. OS-RC-2 and 786-O
cells were treated with or without different concentrations of wogonin for 24 h and
cell cycle distribution was determined by flow cytometry. B. TUNEL assays of 786-
O cells treated with or without wogonin at different concentrations for 24h (scale
bar, 50 mm). C. OS-RC-2 and 786-O cells were treated with or without different
concentrations of wogonin for 48 h and SA-b-gal activity assays were performed.

FIGURE S3 | CDC6 expression is correlated with cell cycle of RCC cells and
prognosis of RCC patients. A. Cells were transfected with indicated siRNAs for 72
Frontiers in Pharmacology | www.frontiersin.org 13
h. Cell cycle distribution was determined by flow cytometry. B. Kaplan–Meier
survival analysis for CDC6 expression in renal clear cell carcinoma patients from
Oncolnc. C. Kaplan–Meier survival analysis for CDC6 expression in renal papillary
cell carcinoma patients from Oncolnc.

FIGURE S4 | Wogonin suppresses CDK4-RB pathway in sunitinib resistant RCC
cells and inhibits proliferation of 786-O/SR cells in vivo. A. Wildtype (WT) or
sunitinib-resistant (SR) OS-RC-2 cells were treated with different concentrations of
sunitinib for 48 h and cell viability was measured by MTT assays. B. OS-RC-2 or
OS-RC/SR cells were treated with 10 mM sunitinib alone or together 40 mMwogonin
for 24 h. Indicated protein levels were determined byWestern blot.C.Wildtype (WT)
or sunitinib-resistant (SR) TK-10 cells were treated with different concentrations of
sunitinib for 48 h and cell viability was measured by MTT assays. D. The protein
levels of CDK4, p-RB and Cylcin D1 were determined by Western blot in TK-10/WT
and TK-10/SR cells after being treated with 10 mM sunitinib for 24 h. E. Tumor
formation by 786-O/SR cells in nude mice. 1×106 786-O/SR cells were injected
subcutaneously into nude mice. Mice were either treated with wogonin (40 mg/kg)
and sunitinib (20 mg/kg) or treated with sunitinib (20 mg/kg) alone (as control)
everyday for 2 weeks. F. The expression of CDK4, p-RB, CyclinD1 and CDC6 in
tumor tissues were determined by Western blot.
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